SUMMARY Clinical tests of thermal sensation are poorly quantified and not strictly modality specific. Previous automated thermal testing systems have had limited usefulness with high intraand inter-individual variability. This paper describes an automated thermal system (Glasgow system) which is an extensive modification of previous techniques to answer these criticisms. It comprises a microprocessor-driven Peltier element and utilises the forced choice method of psychophysical analysis to determine the thresholds to thermal stimulation. In a control group of 106 healthy subjects the mean heat threshold for the wrist was found to be 0 23°C (SD = 0.06°C) and the mean cold threshold 0 15°C (SD = 0.05°C). Repeated determinations showed a maximum of 5% intra-individual variation in comparison to previously reported values of up to 150%. through the element to maintain background skin temperature, allowing the heat pumping capacity of the thermode to be reserved exclusively for the test studies.6
Clinical disorders of sensation are common in neurological practice and are assessed routinely at the bedside clinical examination. However, lack of sensitivity and quantitation limits the usefulness of these techniques. Early modifications of the clinical techniques of measurement of thermal sensation were inaccurate and insufficiently reproducible.' 2 Kenshalo introduced a thermo-electric method employing the Peltier principle,34 where the direction of current flowing in a metal thermode caused either heating or cooling. The amount of current passed gave an accurate measure of the amplitude of the stimulus. In addition, the skin temperature beneath the stimulator could be maintained at a constant predetermined value + 0-2°C. The technique was the first to apply the stimulus without tactile cues, countering the objection that tactile stimulation of slowly adapting mechanoreceptors could be the basis for appreciation of a cold stimulus.5 Later modifications included continuous water circulation through the element to maintain background skin temperature, allowing the heat pumping capacity of the thermode to be reserved exclusively for the test studies. 6 Simple measurements of thresholds were superseded by the "Marstock method" where the temperature interval between the perceptual thresholds for warm and cold stimuli was defined as the most sensitive index of neural abnormality.79 In this interval, the "warm-cold difference limen", no thermal sensation is appreciated. These short-term studies were repeated over periods of minutes but longer term studies repeated over days showed an unsatisfactory intra-individual variation of up to 150% between estimations.'0 This variability was attributed to central processing mechanisms although variation due to patient bias and reaction time had not been excluded.
The most recent studies have used automated control systems to operate the Peltier element and the "forced-choice" method of psychophysical analysis to exclude patient bias." 12 However, no reports of intraindividual variation were included. '2 This study was designed to modify the current techniques to improve sensitivity and reduce intraindividual variability to allow meaningful longitudinal studies of disorders of sensation. 354 The Glasgow thermal system is made up of the following components: a thermode, a thermode interface unit (TIU) with a digital thermometer; a stimulus indicator, a microcomputer assembly, a waterbath with a thermostat, a visual display unit (VDU) with keyboard for communication with the computer (see simplified diagram, fig 1) .
The stimulating thermode, with a surface area of 12-5 cm2, is constructed from arrays of semiconducting thermo-electric elements operating by the Peltier principle. An aluminium block is mounted on the top of the thermode and is continuously perfused with circulating water at a constant temperature (34.0 + 0-1°C) from the waterbath. The thermode surface, in contact with the skin, is heated or cooled according to the direction of the current. A thermocouple, bonded to the centre of the thermode, measures the temperature of the skin in contact with the thermode continuously. This is displayed by the digital thermometer on the TIU. The TIU contains a thermocouple amplifier with analogue to digital converter and a digital to analogue converter. The former measures and displays the skin temperature while the latter provides input to a power amplifier which drives the thermode.
The thermal stimulus output from the thermode is determined by three terms in the heat flow equation (1) The pumped Peltier heat [proportional to the current input (I)]. (2) The joule heat generated by the flow of the current through the thermode (proportional to 12). (3) The heat leak back due to the difference in temperature between the junctions.
In order to maintain a specified constant power output level, it is necessary to calculate the thermode current continuously from the heat flow equation. This task is performed by the microcomputer once every 100 ms. During the sampling interval the current is constant (equal to zero if no stimulus is applied). At the end of this interval the error in the power output, due to change in temperature difference between junctions, is less than 1%. The duration of the stimulus is in multiples of the sampling intervals. A stimulus always starts and ends at the computer sampling times. The stimulus is graded by altering its duration while the power and thus the rate of change of temperature, is constant (see below).
The stimulus indicator is a small box with two light emitting diodes numbered 1 and 2 (fig 1) . It is handed to the subject to watch during testing. In the testing procedure, each light is illuminated in sequence to indicate two separate time periods. During one of the periods there is a null stimulus while during the other a real stimulus is presented to the subject. The order of stimulus application is assigned randomly by the computer and is unknown to both the subject and the operator (it may be made known to the operator if desired). At the end of the trial, the subject must choose the period during which he felt the stimulus (that is forced-choice method '3) . The answer is entered into the computer which then scores a success (S) or a failure (F). This triggers the computer to give the next stimulus which is of the same, longer or shorter duration according to the up-and-down transform rule (UDTR). '2 14 The UDTR is modified in our technique so that initially, the stimulus duration, starting at 6 seconds, is reduced in steps of 1 second for each S until the first F which changes the direction upwards. It is after this first change in direction that the standard UDTR begins and the steps of change in stimulus duration are then of 100 ms. For the standard UDTR, programming is such that F, SF or SSFF causes a 100 ms change to a higher value while SSS or SSFS causes a 100 ms change to a lower value. After six changes in direction (excluding the first one following the initial large steps) the threshold is calculated as the mean of the points of change in direction. The threshold value is given as the change from the basic skin temperature and 
Subjects and methods
One hundred and six healthy control subjects, aged between 6-73 (mean = 33, SD = 17) years, all free of neurological illness and none taking drugs or excessive quantities of alcohol were examined. Of these 45 were male and 61 female. None of them had previous experience of sensory testing. The tests were carried out in a quiet room at a constant temperature of 22 + 2°C. Five sites as described were studied in each patient. The subject was placed in a comfortable position so that the thermode and the weight, taped in place, acted perpendicularly on the site tested. Each subject was placed such that he/she could not see the VDU screen or the digital thermometer on the TIU. All measurements were carried out by the same person (GAJ). The subject was then handed the stimulus indicator and instructed that the two lights would illuminate in sequence at intervals of 30 seconds. With one of the lights a hot (or cold) stimulus would be applied, immediately following which the subject was forced to choose in which time period the stimulus occurred. Whenever felt necessary, a short demonstration of the test was carried out. Heat Threshold (HT) was determined first followed by Cold Threshold (CT). Some subjects were tested for all sites in the morning (n = 39), others in the afternoon (n = 35) while a third group was tested during both periods (n = 32). Both HT and CT determinations were repeated in the right forearm three times at intervals of 24 hours (between the first and the second) and more than two weeks (between the first and the third). In some cases the second interval was up to two months. These intervals were chosen to assess the short and long term reproducibility of the threshold measurement.
Results Table 1 summarises the results of thermal threshold values given as the deviation from basic skin temperature with mean, standard deviation (SD) and 99% upper confidence limit for the various sites tested. The normal mean HT for the wrist was 0 23°C (SD = 0-06°C). The CT was 0-15°C (SD = 0.050C). the mean HT and CT and respective SD showed a trend to increase with age at the ankle (fig 3A, B) . Many older subjects, however, were as sensitive as younger subjects. There was also a significant linear increase of these thresholds with age for the wrist CT (r = 0-321; p < 0-001) but not in the case of wrist HT (r = 0-017; NS). In 80 subjects above the age of 20 years, the leg length measured from the anterior superior iliac spine to the tip of the medial malleolus did not correlate with HT (r = 0.0225) or CT (r = 0.195). As expected, there was also no correlation between age and leg length (r = 0.0249). Subjects above age 20 were selected for this correlation because of the epiphyseal closure after which minimal growth of the leg length occurs. ( 3) The results of repeated determinations performed on the right forearm are summarised in table 2. The largest deviation from the initial determinations was 5%. Analysis of variance of heat threshold determination showed significant difference only between the first and the third test two or more weeks later (p < 0.01). However, the difference between the first and the third test for HT was approximately one third of the smallest available step in stimulus intensity (see Design). This small change is of no practical significance in the implementation of the technique. No significant difference was noticed between the first and second testings for heat threshold and between first, second and third tests for cold thresholds (table 2) . There was a weak trend towards lower values with consecutive determinations of both HT and CT values. (4) After the initial three determinations were done, a further 17 were undertaken daily on two subjects. The range of variation in threshold values was 0 to 0-03°C corresponding to a coefficient of variation of 0 to 6%. This is also much less than the smallest available step in stimulus duration. (5) There was no significant correlation between age and the intraindividual variation in the right forearm HT expressed as the difference between first and third determinations (r = 0.189). (6) There was no significant difference between thermal threshold measured at different times of the day The inter-individual variation by our technique remains small (table 1) , even at the ankle where variability is greatest, compared with the variation in the Marstock method.7 '°In their automated method Dyck et al" ' 12 have not produced figures for this variability, but examination of their results suggests that it is indeed large. We have extracted data from their graph of normal thermal-cooling thresholds at foot where the range of values at the ages between 10-20 years are from 0-2 to 4°C and at the ages between 60-70 years from 0-3 to 8°C." The ankle CT range of values for the corresponding age groups with our technique are 0 05-0-25°C and 0-15-0-37°C respectively.
The increase of thermal thresholds with age ( figure 3A, B) is expected and has been reported in other studies.' I1 2This may be due to a progressive reduction in the number of nerve fibres with age," 12 and/or a decrease in the number of receptors per nerve fibre. 32 Alternatively, changes in the functional properties of these fibres and/or end organs in the absence of structural changes may be of importance. " The increase in thermal thresholds with age was greatest at the ankle. Intra-individual variation for CT was negligible (table 2). A slight but statistically significant variation of HT between the first and third test, done two or more weeks later, was noted (p < 0-01) but not between the first and second or the second and third. However, the greatest change observed was less than 5%, much less than those reported in other studies where differences of up to 150% were found."0 This small intra-individual variation in our technique, which was less than 15% of the SD and smaller than the smallest step in stimulus intensity, is unlikely to influence the usefulness of the technique for longitudinal follow up of patients. The changes were always towards lower values, perhaps suggest-
